INTRODUCTION
Microelectromechanical systems technology, commonly known with the acronym MEMS, refers to the fabrication of devices with dimensions on the micrometer scale. The most essential elements of MEMS consist of miniaturized, highly precise, and repeatable structures that can be stationary or moving. These structures are created via fabrication processes and equipment developed for the integrated circuit (IC) industry. The fabrication of MEMS commonly involves bulk or surface machining. Bulk machining defines microstructures by etching directly into the bulk material such as single crystal silicon. 1 The advantage of bulk machining is that it allows the integration of active devices and the use of integrated circuit technology. Surface machining defines the release and movable structure in a polysilicon film, or the sacrificial layer of silicon dioxide, both deposited on bulk silicon. 2 More complex microchips, including multilayer interconnections, can be obtained by bonding together and laser drilling of several layers of the components. Typically, microfabrication has a limit of resolution on the order of microns. With the integration of chemistry capabilities and the capabilities associated with nanometrology 3 such as focused ion beam lithography and electron beam lithography, nanostructured substrates can be developed. 4 More useful is the ability to use simple lab-based techniques to develop Keywords: nanoporous devices, in vitro analysis platforms, porous alumina substrates, cell patterning nano-ordered substrates with biocompatibility suitable for developing cell-based devices. 5 Such techniques will be used in the fabrication process of nanoporous membranes.
Nanomaterials, due to their nano-order, are suitable for developing cohesive hybrid organic and inorganic interfaces by employing the ''lock and key'' mechanism of locking the organic material onto the nano-ordered material. High aspect ratio nano-ordered materials are particularly intriguing because they span both the micron domains and the nanodomains, and hence, have intrinsically anisotropic properties. 6 In addition, their shape allows them to form networks or scaffolds, potentially with preferred orientation. More importantly, the incorporation of new materials and the range of processes now extend far beyond just those found in the IC industry. Medicine and biology are among the most promising, although most challenging, fields of application for MEMS. 7 This does not come as a surprise, considering that the technology has the capability to fabricate minimally invasive yet highly functional microdevices that match the size range of many structures found in the human body. In this paper, we demonstrate the integration of microfabrication and nanofabrication technologies to develop porous alumina structures embedded in silicon-based topographically modified substrates. These function as in-vitro platforms for creating cellular hybrids suitable for mapping cellular electrical activity, which establishes their applicability as drug testing platforms. This capability has been demonstrated by the diffusion of glucose and immunoglobulin G (IgG) from the silicon substrate via nanocapillary action onto the cellhybrid surface through the porous alumina membrane. The associated in situ changes are measured in a noninvasive manner using microprobing capability for recording the variations to the extracellular electrical activity.
MATERIALS AND METHODS

Fabrication of Porous Alumina Membranes
An oxide film can be grown on aluminum by an electrochemical process called anodization. 8 The process conditions promote the initial growth of a thin dense barrier oxide of uniform thickness. The thickness of this layer and its properties vary greatly upon the temperature of the bath and applied direct current (DC) voltage. Aluminum is unique because it produces a thick oxide coating containing a high density of nanoscopic pores. This coating has diverse and important applications due to its electrical insulation and biocompatibility in the fields of medicine and biology. 9 In an anodizing cell that converts electrical energy into chemical energy, the aluminum workpiece is made into the anode by connecting it to the positive terminal of a DC power supply. The cathode is connected to the negative terminal of the supply. The cathode is a plate or rod of materials such as carbon, lead, nickel, or stainless steeldany electronic conductor that is unreactive (inert) in the anodizing bath. When the circuit is closed, electrons are withdrawn from the metal at the positive terminal, allowing ions at the metal surface to react with water to form an oxide layer on the metal. The electrons return to the bath at the cathode, where they react with hydrogen ions to make hydrogen gas. 10 The ionic basis for the formation of the porous film is schematically represented in Figure 1A . The bath composition is the primary determinant of whether the film will be barrier or porous.
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Barrier oxide grows in near-neutral solutions (with pH of 7) in which aluminum oxide is hardly soluble, most commonly ammonium borate, phosphate, or tartrate compositions. Porous oxide grows in acid electrolytes. Depending on the type of acid electrolyte, such as phosphoric acid and oxalic acid, porous oxide formation as well as dissolution can be observed. High purity (99.99%) aluminum foils were used for anodization. The aluminum substrates were degreased in acetone and cleaned in a mixed solution of hydrofluoric acid (HF), nitric acid (HNO 3 ), and hydrochloric acid (HCl), and then annealed under nitrogen ambient at 400 C to remove mechanical stresses and to recrystallize. Electron microscopy examination showed the grain sizes of the annealed foils to be 100-200 mm. To smooth the surface morphology, the substrates were electropolished in a mixture of perchloric acid (HClO 4 ) and ethanol (C 2 H 5 OH). Anodization was conducted under constant cell potential in aqueous sulfuric acid. The aluminum foils were mounted on a copper plate serving as the anode and exposed to the acid in a thermally isolated electrochemical cell. During anodization, the electrolyte was vigorously stirred or recycled using a pump system. The values of voltage, current, and temperature were recorded via computer. Three diameters of pores were created: 25 nm, 50 nm, and 100 nm. The temperature in each case was constant at 60 C. The DC voltages in each case were 12 V, 25 V, and 40 V. The current density varied from 1.2 A/cm 2 to 5 A/cm 2 . The pore densities varied from 6 Â 10 8 ÿ 5 Â 310 10 cm ÿ2 . The pore densities were directly proportional to the current densities and inversely proportional to the temperature.
During the anodization process, the pores nucleate at the surface at almost random positions, and as a result pores on the surface occur randomly and have a broad size distribution. However, under some specific anodization conditions, [12] [13] [14] hexagonally ordered pore domains can be obtained at the bottom of the layers. To facilitate the observation of pore arrangements at the bottom, the remaining aluminum substrate was removed in a saturated HgCl 2 solution after anodization, and the pore bottoms were subsequently opened by chemical etching in 5 wt % aqueous phosphoric acid (H 3 PO 4 ). This etching process also leads to some pore widening, so the observed pore diameters do not reflect the intrinsic properties of the anodization process. On the other hand, this etching process can also be used to adjust the ratio of pore diameter and distance in a certain range, especially for the thin porous membranes. To fabricate ordered nanopore arrays in which the holes are straight and regularly arranged throughout the film, a two-step anodization process similar to that reported by Masuda and Satoh 15 was used. In the first anodization process, the hexagonally ordered pores were formed at the bottom layer by the selforganization process. Subsequently, the oxide layer is removed by wet chemical etching in a mixture of phosphoric acid (6% wt), and chromic acid (1.8% wt) at 60 C. The remaining periodic concave patterns on the aluminum substrate act as self-assembled masks for the second anodization process. An ordered nanopore array is obtained after anodizing for the second time by using the same parameters as in the first step. Figure 1B is the schematic indicating the formation of porous alumina through a twostep anodization process. The structures of the nanopore arrays of anodic porous alumina were observed using a scanning electron microscope (SEM)(JEOL JSM-6300F). Figure 2A -C shows the SEM micrographs of the porous alumina membranes of varying diameter.
Fabrication of the Cell-Based Analysis Device
Optical wet lithography techniques are integrated with the nanofabrication schemes for developing the cell-based analysis tools. Silicon wafer with the silicon dioxide dielectric of thickness 100 mm is etched using 10% HF to create a trench 50 mm in depth and 1 mm in width. The porous alumina membrane is implanted into the trench. The back of the silicon wafer is etched to expose the back side of the alumina membrane. A second silicon wafer with silicon dioxide dielectric is used to complete the device. Acid-based wet etching is performed to develop a trench 5 mm in width and 500 mm in depth. The first wafer and the second are bonded. The resultant device is composed of a porous alumina membrane embedded in a silicon channel on the underside, amenable for aqueous flow. Figure 3 is the schematic representation of the fabrication sequence for the development of the porous device. Gold of thickness 10 mm is deposited selectively in a patterned manner on the porous alumina membrane. The metal pad dimensions are 25 mm Â 25 mm. These serve as in situ probing points for probing cellular electrical activity in a noninvasive fashion due to the varying changes in the cellular microenvironments.
Cell Culture
The H19-7 cell line was derived from hippocampi dissected from embryonic day 17 (E17) Holtzman rat embryos and immortalized by retroviral transduction of temperature-sensitive tsA58 SV40 large T antigen. H19-7 cells grew at the permissive temperature (34 C) in epidermal growth factor or serum. They differentiated to a neuronal phenotype at the nonpermissive temperature (39 C) when induced by basic fibroblast growth factor (bFGF) in N2 medium (DMEM high glucose medium with supplements). H19-7/IGF-IR cells were established by infecting H19-7 cells with a retroviral vector expressing the human type I insulin growth factor receptor (IGF-IR). The cells were selected in medium containing puromycin. H19-7/IGF-IR cells expressed the IGF-IR protein. IGF-IR was known to send two seemingly contradictory signals to induce either cell proliferation or cell differentiation, depending on cell type and/or conditions. 16 At 39 C, expression of the human IGF-IR in H19-7 cells induced an insulin-like growth factor (IGF) I dependent differentiation.
The cells extended neurites and showed increased expression of NF68.
This cell line did not express detectable levels of the SV40 T antigen. 17 Following spin at 1500 rpm for 3 min at room temperature, cells were resuspended in a buffer composed of minimum essential medium/10% fetal bovine serum (FBS)/ 5% penicillin-streptomycin (PS)) of pH 7.4 and conductivity 2.5 mS/cm, suitable for cell viability.
Measurement of Cellular Electrical Activity
To measure in situ changes to the cellular electrical activity, due to the effect of the specific solute particles on the cell membrane resulting in the variations to the cellular gating kinetics, a microscale masking-based approach was adopted to deposit gold microelectrodes on the substrate. This has been explained in detail elsewhere for recordings from a micro-ordered substrate. 18, 19 The process is similar in the case of the nanoporous substrate. Briefly, the porous alumina substrate was masked with a dark contact mask using conventional photolithography methods, and gold was vacuum-deposited on the exposed areas to fabricate measurement pads (10 mm Â 10 mm). Neurons from the H 19-7 cell line were seeded onto the functionalized patterned nanoporous alumina substrate. Electrical activity was measured from each measurement pad/site. This was achieved through micromanipulator probes that have a diameter of 200 nm. The micromanipulator probes were placed on individual sensing sites, and they were, in turn, connected to separate channels of a multichannel oscilloscope (Tektronix, 2200 A). The measured activity was due to the interaction between neurons, resulting in functional synaptic extracellular activity. This could be reliably established, as the substrate was an insulator and was not the source for any intrinsic activity. This activity underwent modifications due to the effect of the specific solute particles on the cell membrane. The modifications were measured in real time, as the probes allowed for in situ recording of the extracellular electrical activity. The most important factor in achieving reliable recordings is the contact between the cell and the measurement site.
Experimental Process
H 19-7 hippocampal neurons were patterned on the nanoporous substrate and allowed to incubate over a period of 24 h. After cell proliferation has occurred and the existence of functional synapse has been established, buffer media containing 250 mM of glucose and IgG are individually flowed at a rate of 100 mL/min into the silicon channel. The high flow rate ensured capillary action of the solution into the nanopores, bringing the solute particles in contact with the cell membrane. The solute particles, when in contact with the cell membrane, produced modulation to the gating kinetics. The specific subgroups of the ligand-gate ion channels that are activated or deactivated due to the effect of the specific solute particles are still under investigation. The net result is that the modulation to the gating kinetics resulted in the variations to the membrane electrical properties that in turn caused a variation to the cellular electrical activity. The associated variations to the cellular activity were measured in an in situ fashion from the micropatterned contacts. Hence, a real time measurement of the variations to the cellular electrophysiology in a noninvasive manner was achieved.
RESULTS
Nanoporous Membrane Diffusion Studies
The diffusion studies were carried out on the device with the embedded nanostructured platform, in the absence of patterned cells. Since the nanostructured cell-based devices work on the diffusion principle, understanding the diffusion properties of the membrane employed is critical to optimizing the passage of relevant biomolecules. It is often complicated to determine the diffusive transport properties of commercially available porous membranes due to their variability in pore size and asymmetry. Typically, they are based on the nominal molecular weight cutoff of the membrane; however, the nonuniformity in membrane architectures makes it difficult to define the absolute cutoff dimensions, as well as the channel length, pore sizes, and distribution. 18 Conversely, the integration of microfabrication and nanofabrication technologies allows precise control of the pore size, pore distribution, and diffusion path length. Therefore, due to the uniformity and known geometry of the nanoporous membrane developed using the two-step anodization technique; it is much more straightforward to determine important diffusion parameters. Diffusion studies described here focused on the parallel pore design, and different pore sizes were taken into consideration. In this case, glucose and IgG diffusion through parallel pore membranes with 25, 50, and 100 nm were characterized.
Because the initial concentrations in the silicon channel are significantly high, it is reasonable to assume that the channel acts as an infinite source, and due to the reasonably high flow rate (100 mL/min), the capillary action causes the drugs to come in contact with the cell membrane that facilitates diffusion. In addition, the concentration gradient between the cell and the capillary does not change significantly over the course of the experiment. Therefore, the flux across the membrane can be considered in steady state, and zero-order kinetics are expected from such a system. Data followed this model, as shown by the high Figure 4A . It was noted that IgG diffusion was virtually blocked for the 25 nm pore size, but diffusion was observed for larger pore sizes, as indicated by Figure 4B . Values are plotted as a percentage of initial concentration in the donor compartment. D eff was calculated from concentrations experimentally measured (Table 1 ). The diffusion coefficients were then normalized by the diffusion coefficient in water, calculated according to the Stokes-Einstein equation. In Figure 4C , the relative membrane diffusivity is plotted versus pore size. Diffusion processes deviate from Fick's first law at small pore sizes (25 nm) and follow it at higher pore sizes (50 nm and 100 nm). This behavior depends on the relationship between the diffusant Stokes radius and the channel width. 19 The measured effective diffusion coefficients were all lower than that for free diffusion in water (Table 1) . For glucose, the relative diffusivity (D eff /DH 2 O) values increased with pore size, nearing 1.0 for 100 nm pore sizes as indicated in Figure 4C . As the nanopore channel width decreased, the rates of diffusion deviated appreciably from those predicted by Fick's first law. 20 
Cell Patterning
The porous alumina membrane is biocompatible. As a result, it is highly suitable for developing organic-inorganic hybrids. The porous alumina membrane was functionalized with poly-L-lysine (Sigma, St. Louis, MO). The concentration of poly-L-lysine (PLL) used was 50 mg/mL in 10 mM Tris pH 8 (0.02 g poly-L lysine in 396 mL water and 4 mL 1M Tris pH 8). The PLL essentially functions as a cell adherent. It is a lipid with dimensions of 40-50 nm. This results in the locking of the PLL with the nanoporous substrate. The PLL then behaved in a lock and key manner. The extracellular matrix proteins of the hippocampal neurons have separations of 40-50 nm. This caused the locking of the PLL with the cell extracellular matrix and resulted in the cohesive formation of the cell-substrate hybrid. Neurons of density 2500 cells/mL were seeded on the nonporous substrate and incubated over a period of 24 h at 37 C. This temperature was found to be ideal for forming cohesive hybrids between the cells and the PLL-functionalized substrate. After 24 h, neurons formed a hybrid with the porous alumina substrate. Neurons proliferate and undergo morphological changes, and when stained for viability, demonstrate calcium transients associated with healthy neurons. Figure 5A -C presents the optical, electron, and fluorescent micrographs showing the formation of neural hubs on the porous alumina substrate.
Substrate Properties
To obtain stable contact between the cell and the measurement pad, the contact resistance should be in the low MU range. The depth of the pore is d = 50 mm, and the pore radius is r ¼ 25 nm, 50 nm, and 100 nm. The resistivity of the recording buffer is r ¼ 0.126 U cm. The pore can be approximated as a cylinder of radius r, with a resistance R 1 . The spreading resistance from the top of the pore to infinity is R 2 = r/4r. 20 The resistance to ground is then: 
Electrical Measurements
Porous alumina substrate is an insulator; hence, the electrical recordings obtained from the metallic microsensing sites are reliable in that the measurements are due to the interaction between the neurons resulting in the formation of functional synapses. This, in turn, gives rise to electro-ionic activity. This activity is modulated with the variations to the cellular microenvironment, as in the presence of specific drugs or chemicals. These variations can be recorded in situ from the various sensing sites. The electrical identifiers that have been developed have been based on the electrical activity obtained from the nanoporous alumina substrate of the 50 nm pore size. The experiments have been repeated 15 times, that is, n = 15. Hence, there is reliability associated with the electrical measurements.
To measure the electrical activity associated with the effect of glucose and IgG on the neuron cluster sand hubs, the substrate was modified as previously described to enable the measurement of spontaneous electrical activity from the cells. The electrical activity from the probes is captured using Lab VIEW (National Instruments, Austin, TX). The electrical activity is associated with the extracellular electrical behavior of a group of neurons situated between the two pads. Signals are obtained due to synaptic and gaplike interconnection between neurons that enable signal transduction via neurotransmitters. Frequency domain and time domain analyses were performed on the captured signals to determine the change in the burst frequency of firing and the signal strength associated with physiological changes as a function of time.
Electrical Recording
When a neuron on the porous alumina substrate fires an action potential, the extracellular signal was detected by the contact electrodes by determining the resistance from the neuron to ground and by the voltage variation during the event. Since the cell bodies were generally spread on top of the porous substrate by the tension generated as the processes mature, 21, 22 the resistance to ground is approximately R 2 z 315 kU. The actual shape of the signal can be quite complex, 23 but the largest component occurred when the voltage-gated sodium channels drove the fast depolarization of the membrane of the cell body and dendrites. The membrane capacitance of hippocampal neurons measured over a period of one through five days in culture 24 showed that the cells typically have a membrane capacitance C m z 160 pF to 80 pF, and the membrane potential rose at a maximum rate of dV/dt z ÿ10 4 V/s during an action potential. After the peak in voltage of the action potential, voltage-gated potassium channels opened and repolarized the membrane at dV/dt z 3000 V/s. The electrode was therefore expected to record a þ504 mV signal (given by ÿC m R 2 dV/dt) during the fast phase of the action potential, which lasted about 1-2 ms, followed by a þ42 mV signal lasting 3 ms. 25 Spontaneous activity in these cells is driven by synaptic inputs, which drive current through the cell body to ground. Depending upon the synaptic strength, these cause the cell body to depolarize 10-30 mV in 0.5-5 ms, for a current emitted by the cell body ranging from 160 pA to 5 nA. Before the main stroke of the action potential, this was expected to generate a þ3-88 mV signal at the electrode. Similarly, in the case of the presence of glucose and IgG, the fast phase of the action potential is modulated due to the effect of the two separate drugs to two separate values that were measured at intervals lasting 4.5 s and 3.5 s, respectively. This resulted in identifiable changes to the electrical activity patterns in the frequency domain.
Electrical Identifier Development
The electrical activity recorded in situ from the multiple microelectrode sites was analyzed to develop specific identifiers that will serve as markers for identifying the effect of the two specific agents, namely glucose and IgG, and the spontaneous behavior of synaptically connected neurons. The neuron electrical behavior is very complex in the time domain. Hence, it becomes essential to transform the data to develop simplistic identifiers for ease in understanding. This is achieved by using spectral analyses to convert the information in the time domain to the frequency domain. The frequency domain markers were also termed as electrical identifiers and give an insight into the functional state of the neurons. The spontaneous activity of neurons was identified to have specific frequency spikes of 642 and 722 Hz. The burst-frequency spikes are represented in the electrical identifiers generated from the Fast Fourier Transformation (FFT) transformations of the time domain signal and are shown in Figure 6A . This was associated with the neurotransmitter-modulated action potentials. The effect of glucose produced specific peaks at 620 and 754 Hz (Fig. 6B) . Similarly, the effect of IgG produced specific peaks at 582 and 714 Hz (Fig. 6C ). These peaks help to uniquely identify the electrophysiological effects of specific molecules. Hence, this technique offers a reliable and noninvasive method of identifying the nature of a drug molecule acting upon cell membranes of excitable neurons.
DISCUSSION
A hybrid cell analysis device has been developed by integrating microfabrication and nanofabrication technologies. The device employs the use of nano-ordered alumina as the matrix for forming cohesive hybrids. The biocompatibility and capillary action of the nanoporous alumina are exploited towards developing potential drug analysis platforms. As a proof of concept, the device has been used for identifying the effect of glucose and IgG. The capability of microfabrication allows the simultaneous noninvasive monitoring of the electrical activity variations associated with the effect of the specific molecules. Hence, the electrophysiology is successfully mapped through noninvasive means, using this technique. The fabrication techniques associated with the development of the cell-based device are inexpensive and labbased. This demonstrates potential for scalability and highthroughput manufacturing suitable for commercial applications. The insulating capability of porous alumina is also well suited for developing the in situ electrical monitoring capability, as the electrical activity measured from the sensing sites is undoubtedly due to the interaction of cells and not due to electrical artifacts or noise. This is of utmost importance as low frequency noise plays an important role in masking the true electrical behavior of cells. It comes into play only in the presence of conductive substrates. This issue is solved by using the porous alumina substrate. Finally, the nanoporosity plays a major role in size-based filtration and capillary-dependent action of the molecules that act upon the cell membrane. Thus, selectivity can be achieved in terms of studying the effect of specific agents by resorting to sizebased sorting.
CONCLUSION
In this paper, we have demonstrated the capability of amalgamating the fields of material science, nanotechnology, and biology to develop cell-based analysis devices. These tools have the capability to simultaneously monitor the electrical as well as physiological changes associated with excitable mammalian cells, more specifically neurons. Hence, these devices are useful for drug testing platforms, with eventual capability for high throughput screening from the cellular perspective. Electro-ionic behavior of cells is highly sensitive to microenvironment changes, and they produce measurable changes to the cellular electrical activity. This will only serve as an accurate indicator if there is fidelity in the designed measurement scheme. This technique achieves the fidelity by using nanoporous insulating substrates as platforms for cell growth. The greatest asset of this process is the potential adaptability to multiple applications in the health industry.
